A novel cellobiose-degrading and lactate-producing bacterium, strain Cavy grass 6 T , was isolated from faecal samples of guinea pigs (Cavia porcellus). Cells of the strain were ovalshaped, non-motile, non-spore-forming, Gram-stain-positive and facultatively anaerobic. The strain gr at 25-40 C (optimum 37 C) and pH 4.5-9.5 (optimum 8.0). Phylogenetic analysis based on 16S rRNA gene sequences showed that strain Cavy grass 6 T belongs to the genus Streptococcus with its closest relative Investigating the microbial diversity and OA production using guinea pig faecal samples could be instrumental in revealing the mechanism of fibre digestion in the guinea pig and leading to the discovery of novel bacteria that are capable of degrading cellulose or its components to valuable OAs. In this work, we describe the isolation, phylogenetic analysis, phenotypic characterization and physiological properties of a novel lactic acid-producing strain, Cavy grass 6 T , originating from domestic guinea pig faeces.
Guinea pigs (Cavia porcellus) are rodents located in the genus Cavia, family Caviidae, and native to South America [2] . The guinea pig is a monogastric herbivore and grass is its natural diet [2] . The fact that guinea pigs consume major quantities of plant polymers suggests that its large gastrointestinal microbiome makes it a useful model to study the production of organic acids (OAs), such as acetate, lactate and succinate. Comparative metagenome studies have shown that the most abundant bacterial phyla in the guinea pig gut are the Bacteroidetes and Firmicutes [3] .
Investigating the microbial diversity and OA production using guinea pig faecal samples could be instrumental in revealing the mechanism of fibre digestion in the guinea pig and leading to the discovery of novel bacteria that are capable of degrading cellulose or its components to valuable OAs.
Currently, the genus Streptococcus includes 117 recognized species (www.bacterio.net/streptococcus.html) and this number is continuously increasing, for example with the recent addition of Streptococcus pantholopis DSM 102135 T [4] . Historically, the genus Streptococcus is one of the earliest groups of bacteria described and includes pathogens such as Streptococcus pyogenes and Streptococcus pneumoniae, reported by Rosenbach and Klein in 1884 [5] . Streptococcus species have been isolated from a broad range of habitats, including the gastrointestinal tracts of humans and animals. Streptococci are chemo-organotrophs with a fermentative metabolism and are often referred to as lactic acid (-producing) bacteria. Their nutritional requirements are complex and variable, they are mostly facultatively anaerobic, and some species require additional CO 2 for growth [6] . Streptococcus cells are normally spherical or ovoid shaped, less than 2 µm in diameter and occur in chains or in pairs when grown in liquid medium. Cells are Gram-stain-positive, non-motile and non-spore forming. The optimum growth temperature is usually about 37 C, but minimum and maximum growth temperatures vary among the species [6] .
In this work, we describe the isolation, phylogenetic analysis, phenotypic characterization and physiological properties of a novel lactic acid-producing strain, Cavy grass 6 T , originating from domestic guinea pig faeces.
Approximately, 1 g of fresh faecal sample was dissolved in anaerobic PBS and used as an inoculum. Dried hay was cut with scissors into small pieces (1-3 mm) and 0.5 % (w/v) was used as the sole carbon source. The guinea pig faecal slurry (1 %, v/v) was inoculated in a bicarbonate-buffered anaerobic medium (BM), which was prepared and supplemented as previously described by Plugge [7] and Palakawong Na Ayudthaya et al. [8] . Further enrichment and pure culture isolation was performed as described previously using 0.5 % (w/v) dried grass as carbon source to obtain a pure culture that was termed strain Cavy grass 6
T [8] . Pyrosequencing results of the 16S rRNA genes (data not shown) from two guinea pig faecal samples showed similar microbial profiles as reported previously with the most abundant phyla being the Bacteroidetes (41-50 %) and Firmicutes (42-37 %) [3] . The relative abundance of the genus Streptococcus in the guinea pig faecal samples was <1 %.
Strain Cavy grass 6
T was routinely grown with 20 mM glucose in BM with 0.01 % (w/v) yeast extract (BMY-G). The purity of strain Cavy grass 6 T was checked routinely by phase-contrast microscopy (Leica DM 2000). Production of OAs was analysed by HPLC and gas production by GC as described by van Gelder et al. [9] .
Genomic DNA of strain Cavy grass 6
T was isolated and purified from glucose-grown cells (BMY-G) using the Fast DNA Spin Kit for Soil (MP Biomedicals) following the manufacturer's instructions. An almost full-length 16S rRNA gene sequence (1412 bp) of strain Cavy grass 6 T was amplified by PCR using bacterial-universal primers 27f (5¢-AGAGTT-GATCCTGGCTCAG-3¢) and 1492r (5¢-TACCTTGTTAC-GACTT-3¢) [10] . The PCR programme was started with a denaturing step at 95 C for 5 min, and continued with 35 cycles consisting of 95 C for 30 s, 52 C for 40 s and 72 C for 90 s, and the last step of extension at 72 C for 7 min. PCR products were purified and sequenced at GATC Biotech. The 16S rRNA gene sequence of Cavy grass 6 T was checked for reading errors and aligned using the program DNA Baser Sequence Assembler v4 (Heracle BioSoft). The 16S rRNA gene sequence was used to search the DNA database employing the online BLASTN program, EzTaxon 2.1 [11] and EzTaxon-e server [12] . The partial sequence of the 16S rRNA gene was blasted with the NCBI online database. The level of 16S rRNA gene sequence similarity between strain Cavy grass 6 T (1412 bp) and the closest strain Streptococcus devriesei CCUG 47155 T (1439 bp), obtained from the NCBI database, was calculated using the Bioedit sequence alignment editor (version 7.2.5) program [13] . The two sequences were then aligned based on 1000 replications of the neighbour-joining tree using the CLUSTAL W multiple alignment option [14] . Following this, the sequences were trimmed, and later, the curated sequences (1387 bp) of both strains were used to calculate the sequence identity matrix, resulting in a 16S rRNA gene sequence similarity of 96.5 % to S. devriesei. The phylogenetic position of strain Cavy grass 6
T was studied by comparison with 16S rRNA gene sequences of related strains in the genus Streptococcus, using Enterococcus faecalis ATCC 19433
T as an outgroup, all deposited in the NCBI database. The 16S rRNA genes were aligned using the CLUSTAL X program [15] with Kimura's two-parameter model [16] . The phylogenetic tree based on 16S rRNA gene sequences was reconstructed and implemented in the MEGA 5 program [17] using the neighbour-joining, maximum-parsimony [18] and maximum-likelihood [19] methods as shown in Fig. S1 (available in the online Supplementary Material). Tree topologies were determined using bootstrap analysis with 1000 repeats [20] (Figs 1 and S1 ).
Phylogenetic analysis based on 16S rRNA gene sequence characterization showed that strain Cavy grass 6 T belongs to the genus Streptococcus with its closest relative being S. devriesei CCUG 47155
T at only 96.5 % 16S rRNA gene sequence similarity, which was lower than the species delineation value of 98.65 % [21] .
Genome-based comparison tools [22] were applied to confirm the difference between strain Cavy grass 6
T and the closest relative strain S. devriesei. We used the genome sequence of S. devriesei CCUG 47155 T (accession no. AUIN00000000) and the draft genome sequence of strain Cavy grass 6 T (accession no. MOWR00000000).
ANI and dDDH values were calculated using the ANI and AAI calculators at http://enve-omics.ce.gatech.edu/ani/ and Genome-to-Genome Distance Calculator (GGDC) web browser from the DSMZ (Braunschweig, Germany), respectively. The ANI and dDDH values between strain Cavy grass 6 T and S. devriesei CCUG 47155 T were 86.8 and 33.3 %, lower than the cut-off values (95 and 70 %, respectively) for species delineation [22, 23] .
MLSA with two housekeeping genes, groEL (Chaperonin GroEL) and gyrA (DNA gyrase, subunit A), was performed between strain Cavy grass 6
T and other Streptococcus species. MLSA-based phylogenetic trees of both groEL and gyrA genes revealed the relationship between strain Cavy grass 6 T and other Streptococcus species (Figs S2 and S3). All these genome-based comparisons reveal that strain Cavy grass 6 T can be differentiated from other Streptococcus species. However, additional chemotaxonomic, biochemical and physiological analysis were performed.
The DNA base composition (G+C content) of strain Cavy grass 6
T was analysed by HPLC [24] at the Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ). Strain Cavy grass 6
T was grown in BMY-G at 37 C for 48 h. Cell biomass was harvested by centrifugation at 4 C at 15 317 g for 10 min. The DNA G+C content of strain Cavy grass 6 T was 42.6±0.3 mol%. The DNA G+C content of strain Cavy grass 6 T obtained from a genome calculation (RAST Server) was 42.3 mol%. This value lies within the range (33-46 mol%) of DNA G+C contents that have been described for other species within the genus Streptococcus [6] .
Cellular fatty acid and quinone composition analyses of the cell wall of strain Cavy grass 6 T were also carried out at the DSMZ. The cultures and cell biomass were obtained as described above for the G+C content analysis. The fatty acid composition of the closest relative, S. devriesei CCUG 47155
T , was determined in parallel with Cavy grass 6 T . The predominant cellular fatty acids of strain Cavy grass 6 T (>10 % of the total) were C 16 : 0 (32.5 %), summed feature 8 (C 18 : 1 !7c and/or C 18 : 1 !6c) (30.3 %) and C 20 : 1 !9c (12.6 %), similar to those of S. devriesei CCUG 47155 T (Table S1 ). These patterns of major fatty acids were also found in other species of the genus such as Streptococcus downei and Streptococcus vestibularis [6] . No respiratory quinones were detected in strain Cavy grass 6 T , which is also characteristic for the genus Streptococcus [6] .
The strain grew well on Reinforced Clostridial Medium (RCM; Difco) agar (1.5 %, w/v) medium and colonies of the strain were white, round with smooth margins, convex and 1-2 mm in diameter after 2 days at 37 C under anaerobic conditions. Cell morphology was examined using phase-contrast microscopy (Leica DM 2000) and scanning electron microscopy (FEI Magellan 400). Cells were non-motile, oval-shaped and commonly present in pairs or chains, with single cells 0.5Â0.5-0.8 µm in size (Fig.  S4) . Gram staining was examined using standard methods [25] . Spore formation was determined with a Schaeffer and Fulton Spore Stain Kit (Sigma-Aldrich) following the manufacturer's instructions. Cells of strain Cavy grass 6
T were Gram-stain-positive and non-spore-forming.
To determine the optimum pH, strain Cavy grass 6
T was inoculated in Wilkins-Chalgren Broth (Oxoid) and the pH values of the medium were adjusted with NaOH and/or HCl. Triplicate bottles were used and incubated at 37 C at a pH range of 4.0-10.0 at intervals of 0.5 pH units. Bottles were incubated for 2 weeks. The optimum temperature was determined in BMY-G at a temperature range of 4-60 C with intervals of 5 C, including at 37 C. Bottles were incubated for 2 weeks. Strain Cavy grass 6
T was able to grow between pH 4.5 and 9.5 with an optimum at 8.0. The strain grew between 25 and 40 C with an optimal temperature of 37 C.
), L-cysteine (0.5 g l S. ursoris NUM 1615 T (AB501126) Fig. 1 . Phylogenetic relationships between strain Cavy grass 6 T and related species in the genus Streptococcus based on 16S rRNA gene sequences (approximately 1360 nt) by the neighbour-joining method. Bootstrap values, which were higher than 50 % based on 1000 replications, are shown at branch points. Filled circles indicate identical nodes generated by three methods (neighbour-joining, maximum-likelihood and maximum-parsimony). GenBank accession numbers of each strain are given in parentheses. Bar, 0.5 % sequence divergence. The tree presented is extracted from an extended version (Fig. S1) Oxygen tolerance was tested by growing strain Cavy grass 6 T in BMY-G without reducing agent under aerobic conditions and with a cotton stopper. Two per cent of active inoculum (18-24 h) that was pre-grown in BMY-G was added and incubated at 37 C. Growth was monitored using turbidity (OD 600 ) measurements. Strain Cavy grass 6
T was able to grow under these aerobic conditions after 3 days. This was confirmed by growing the strain on RCM agar plates under aerobic conditions. After 5 days, colonies of strain Cavy grass 6 T appeared, which indicated that the strain was able to grow under aerobic conditions but slower than under anaerobic conditions and no respiration occurred. Therefore, we conclude that strain Cavy grass 6 T is a facultatively anaerobic bacterium, and this is a characteristic of most streptococci.
Salt tolerance of strain Cavy grass 6
T was determined by growth in BMY-G with increasing salt concentrations of 0-7 % (w/v) NaCl at intervals of 0.5 %. The inoculated medium was incubated at 37 C and the experiment was performed in triplicate. Growth was monitored using turbidity (OD 600 ) and OA production. Strain Cavy grass 6 T tolerated up to 4.5 % (w/v) NaCl.
Haemolytic activity was determined on trypticase soy agar (TSA) medium supplemented with 5 % sterile horse blood (added after autoclaving). A culture of strain Cavy grass 6 T was tested and incubated under both aerobic and anaerobic conditions at 37 C for 2-5 days. Colonies developed normally and no haemolysis was observed.
Lancefield grouping of streptococci was performed using PathoDxtra Strep Grouping Kit (Thermo Scientific) at Medisch Microbiologisch Laboratorium (MML) of Hospital 'de Gelderse Vallei' (Ede, The Netherlands). Strain Cavy grass 6
T tested negative for all Lancefield group antisera (groups A, B, C, D, F and G). This negative result also confirmed that strain Cavy grass 6 T does not belong to the beta-haemolytic streptococci.
The three most closely related species (based on 16S rRNA gene sequence comparisons), S. devriesei CCUG 47155
T ,
Streptococcus ratti ATCC 19645 T and Streptococcus ursoris NUM 1615
T , together with strain Cavy grass 6 T , were grown in BMY-G at 37 C for 24 h before testing with commercial API identification (test kits) systems (bioM erieux). Carbon assimilation and acid production from different carbohydrates were examined using API 50 CH and Rapid ID 32 STREP kits. Enzyme activity was profiled using Rapid ID 32 STREP and API ZYM kits. All tests were performed in duplicate following the manufacturers' instructions. Selected results that differentiate the strains are shown in Table 1 Cellulose-degrading properties, which we were looking for by studying guinea pig faecal samples, have not been found in this strain, nor in the three reference strains. The primary enrichment was performed with dried grass as the sole carbon source, and therefore strain Cavy grass 6
T most probably uses the extracted products from the process of either cutting or autoclaving the grass as it could also grow in the grass extract after cutting and filtration through a 0.2 µm sterile filter (Table S2) .
Strain Cavy grass 6
T was able to grow on 20 mM D-arabitol, cellobiose, dulcitol, D-fructose, D-galactose, D-glucose, maltose, D-mannitol, D-mannose, raffinose, sucrose, D-sorbitol, L-sorbose and trehalose, and 0.5 % dried grass extract and inulin. The nature and ratio of OAs produced differed depending on the substrate (Table S2) . Results of API 50 CHB tests are shown in Table S3 .
Based on the biochemical, physiological, chemotaxonomic and phylogenetic characteristics, strain Cavy grass 6 T can be distinguished from other members of the genus Streptococcus. We suggest that strain Cavy grass 6
T represents a novel species of the genus Streptococcus, family Streptococcaceae, order Lactobacillales, for which the name Streptococcus caviae sp. nov. is proposed. (Table S2) . In API 50 CHB tests, produces acid from N-acetylglucosamine, amygdalin, D-arabitol, arbutin, dulcitol, aesculin ferric citrate, D-fructose, gentiobiose, D-lactose, melibiose, potassium gluconate, salicin and D-tagatose (Table S3 ). In Rapid ID 32 STREP tests, positive for a-galactosidase, bglucosidase, alanyl-phenylalanyl-proline arylamidase, arginine dihydrolase, acetoin production (Voges-Proskauer reaction), melezitose and methyl b-D-glucopyranoside and weakly positive for b-mannosidase and hydrolysis of hippurate (Table S4 ). In API ZYM tests, also positive for a-glucosidase, acid phosphatase, cystine arylamidase, esterase (C4), esterase lipase (C8), lipase (C14), leucine arylamidase and naphthol-AS-BI-phosphohydrolase, and weakly positive for valine arylamidase (Table S5) .
The type strain, Cavy grass 6 T (=TISTR 2371 T =DSM 102819 T ), was isolated from faecal samples of guinea pigs in the Netherlands. The DNA G+C content of the type strain is 42.6±0.3 mol%.
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